High-resolution two-dimensional polyacrylamide gel electrophoresis was used to analyse the soluble proteins from seven strains of Neisseria gonorrhoeae, six strains of Neisseria meningitidis and one or two strains of twelve other species. Approximately 200 individual polypeptides could be visualized as Coomassie Blue stained spots on an electrophoretogram of N. gonorrhoeae and similar numbers were found for the other bacteria. Each species of bacterium had a distinctly different pattern of spots which could be recognized. Quantitative comparisons of 48 selected spots derived from one strain of N. gonorrhoeae with those of five other strains of gonococcus, three strains of N. rneningitidis and one of Branhamella catarrhalis, showed relationships in agreement with their current taxonomic classification but with a higher level of discrimination than that of previously used methods. It was also possible to distinguish the individual gonococcal strains. It is suggested that the method could be useful for bacterial classification and identification.
INTRODUCTION
Electrophoretic separation and analysis of proteins is becoming increasingly important as a method for distinguishing and identifying bacteria. One-dimensional methods of polyacrylamide gel electrophoresis have been used to generate protein patterns from a variety of species and these patterns have been used to distinguish them and to investigate their taxonomic relationships (Jackman, 1982; Kersters & De Ley, 1980; Owen & Jackman, 1982) . Although medimensional methods can resolve up to 100 components, with closely related strains it is difficult to recognize differences in the pattern (Kersters & De Ley, 1980) . In addition, the commonly used method only separates the proteins by size; charge changes are not detected. However, higher resolution methods are available, and at present two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) is the most powerful method for analysing mixtures of proteins. A widely used protocol is that described in detail by O'Farrell(1975) in which proteins are separated by isoelectric focusing in the first dimension and by PAGE in a sodium dodecyl sulphate containing buffer system (SDS-PAGE), in the second.
Using this technique it is possible, in a single electrophoretogram, to separate, observe and quantify the most abundant polypeptides in a bacterial preparation, that have isoelectric points between pH 4 and 7 and molecular masses between 10000 and 100000 daltons. This method has become a major tool for the analysis of both prokaryotic and eukaryotic cells (for a review see Dunn & Burghes, 1983a, b) . Thus, O'Farrell(l975) was able to visualize 400 polypeptides from an extract of Escherichia coli using Coomassie Blue dye staining, or as many as 1 100 using radiolabelled proteins and autoradiography. As it has been estimated that E. coli can synthesize 2000 to 5000 different polypeptides (Sanderson, 1976) , it should be possible, using Coomassie Blue dye staining as the detection method, to observe between 8 and 20% of the individual components of a bacterial phenotype. The individual polypeptides appear as specific spots occurring in recognizable constellations which can be used to identify and enumerate them. Once a spot has been identified by its position relative to its neighbours and therefore the whole gel pattern, it can be repeatedly recognized.
We have used a modified version of the O'Farrell method which enables the simultaneous analysis of up to 20 samples in the first dimension, to compare polypeptide patterns, visualized by Coomassie Blue dye staining, in a number of bacteria whose relationships are well understood. Comparisons were made of one strain of Neisseria gonorrhoeae with other gonococci, with N . meningitidis, which is known to be a very closely related species, and with Branhamella catarrhalis, which has been separated from the genus Neisseria (Catlin, 1970; Reyn, 1974) . In contrast toother workers (Rodwell & Rodwell, 1978; Mouches etal., 1979; Robertsetal., 1980; Benson et al., 1984) who have used 2D-PAGE to compare closely related micro-organisms qualitatively, we have now made quantitative analyses of 2D-gels and present evidence of the usefulness of this method in identifying and classifying bacteria.
METHODS
Strains of bacteria. These are listed in Table 1 , Neisseriagonorrhoeae strain OR9 was chosen as a reference strain because it was selected by O'Reilly et al. (1973; their strain 9) for its wide range of reactions with sera from patients with gonorrhoea, indicating that its surface antigens at least were shared with a large number of other strains. The two KJ strains represented two of the serotypes described by Johnston et al. (1976) , which differ in proteins of the outer membrane. The MJT strains were isolated and identified as described by Thornley et al. (1979) , and strains MJT9, MJT12 and MJT25 were believed to represent other serotypes described by Johnston et al. (1976) . Strains MJT12 and MJT40 differed in capsulation (Demarco de Hormaeche et al., 1978) .
The gonococci and all other bacteria used were stored frozen at -196 "C in Greaves (1960) medium. Growth conditions andpreparation of samples. All bacteria were grown in Petri dishes on GC agar medium (Difco)
supplemented with 1 % (v/v) Isovitalex (BBL) in candle jars at 37 "C for 17-24 h, and harvested in the early stationary phase. Gonococci were also grown on the same medium in Roux bottles, gassed with 10% C 0 2 in air, sealed and incubated in the same way. Roux bottles were harvested by adding aqueous NaCl(8.5 g F1), suspending the bacteria with a glass rod, filtering through sintered glass to remove agar, centrifuging and washing with aqueous NaCl. The final pellet of cells from one Roux bottle was suspended in 1 ml distilled water. Plate cultures of gonococci were harvested with a cotton-wool swab into aqueous NaCl, centrifuged and washed with aqueous NaCl, and finally cells from three plates were suspended in 1 ml distilled water or they were taken from the plates and suspended in distilled water without washing. Preparations of the reference strain of gonococcus, grown and prepared in the different ways described, showed no significant differences in the patterns of protein spots obtained on 2D-PAGE. All bacteria other than gonococci were therefore grown in Petri dishes and suspended in distilled water without washing, since washing had proved unnecessary for gonococcal preparations. Cell suspensions were stored at -25 "C and, when required, treated in volumes up to 5 ml with ultrasonic vibration at 20 kHz from an ultrasonic generator (MSE), using a 19 mm diameter probe at full power, with cooling on ice, for a total of 3 min. This gave good breakage of most bacteria, as shown by a reduction in turbidity, but a few Gram-positive species required longer periods, up to 10 min. In order to obtain a preparation of the soluble proteins without significant contamination with insoluble membrane fragments, the ultrasonicated preparations were centrifuged at 14000g for 6 min at 4 "C. Membrane fragments were excluded as they can be more difficult to analyse using 2D-PAGE, requiring careful control of the detergent concentrations used (Ames & Nikaido, 1976) . and also the membrane proteins constitute a relatively small proportion of the bacterial phenotype. The meningococcal preparations were sterilized by passage through a 0.22 pm filter (Millipore). All supernatants were tested for absence of viable bacteria of the original culture by plating and incubation of 100 p1 of the supernatant under the growth conditions originally used.
A volume of bacterial sonicate supernatant containing either 110 or 275 pg protein, as measured by the Lowry method, was freeze-dried and within 15 min of removal from the vacuum the sample was dissolved in a denaturing and solubilizing solution of 9 M-urea, 40 ml Nonidet-P40 1-1 (Shell Chemicals UK, London, UK), 50 ml ampholyte I-' (Ampholine, pH range 3-5-10; LKB), and 20 ml 2-mercaptoethanol 1-I.
Focusing was begun within 1 h of dissolution of the sample. For coelectrophoresis of two samples, suitable volumes were mixed before freeze-drying so that equal weights of protein were taken from each (see Table 2 ). The quantity of protein analysed was such that the gels produced had the clearest pattern of spots without losing sensitivity owing to underloading or distortion and streaking owing to overloading. 5 Reference strain.
Electrophoresis. 2D-PAGE was carried out using the methods of Anderson & Anderson (1978a, b) . In the first dimension, up to 20 protein samples were simultaneously resolved by isoelectric focusing for 10000 V h in a polyacrylamide gel I40 g acrylamide I-' (BDH), 2.4 g N , N'-methylenebisacrylamide 1-' (BDH), i.e. 4.24% T, 5.736 C], in 8 M-urea, containing 40 ml Nonidet-P40 1-l and 50 ml ampholyte solution 1-l. The ampholyte used was either a mixture of Ampholine pH range 3.5-10 and Pharmalyte (Pharmacia) pH range 4-6.5 (2 : 1, v/v) or a mixture of Pharmalyte pH range 3-10 and Pharmalyte pH range 4-6.5 (2:1, v/v).
In the second dimension, proteins were separated in a linear polyacrylamide gradient of 100 to 200 g 1-' 0.27 g N,N'-methylenebisacrylamide per g acrylamide. Ten analyses were carried out simultaneously.
The polypeptides in the gel were detected by staining together ten gels for at least 16 h at 4 "C in an aqueous solution of 500 ml ethanol 1-l, 125 ml glacial acetic acid I -l , containing 20 g Serva Blue R 1-' (Coomassie Blue R ; Uniscience, Cambridge, UK.). The gels were destained in several changes of an aqueous solution of 300 ml propan-2-01 I-', 70 ml glacial acetic acid 1-' until the background was clear. Gels were washed and stored in water in the dark until photographed. The original gels, before staining, were approximately 10% smaller than when photographed.
Photography. Gels were photographed using an Autodia 35 mm slide maker (The Projectina Co., Skelmorlie, Ayrshire, UK) as described previously (Jackson & Thompson, 1981) .
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Gel comparisons. Gels were compared as described previously (Jackson & Thompson, 1981) . For each comparison of a pair of bacterial strains three gels were prepared, one of each strain alone and one of a mixture of both (a coelectrophoretogram). A typical example of such a comparison group of gels is shown in Fig. 1 (a, b and c) . It is essential to prepare a coelectrophoretogram when making this type of two-dimensional analysis, since the relative positions of the spots vary slightly from gel to gel, owing to the inherent variability in the system. This may cause the spot patterns in gels of identical samples analysed simultaneously to be non-superimposable. The variation in distance measured in the first dimension between any two spots of similar molecular mass was normally less than 10% of the mean distance between them. However, the position of the whole pattern on the gel may be moved to the left or right depending on how the first dimension gel is loaded onto the second. This latter movement was of no consequence in the pattern recognition. In the second dimension there may be as much as 10% difference in spot mobility. Even when the first and second dimension variations were greater than this the spot patterns were usually recognizable and individual spots were identifiable. Some variation occurs within a single set of ten simultaneous analyses as well as from set to set and therefore it was not necessary to obtain a group of three compared gels simultaneously, but the 'unknown' strain gel and the corresponding coelectrophoresis gel were produced simultaneously and the most highly resolved examples compared. Thus, coelectrophoresis enabled similarities and differences to be determined unequivocally; the mixture of patterns from the two samples was discernible in the single gel of the mixture. Spots showing any sign of being formed by two overlapping spots were considered to be non-coincident.
A list was made of 48 or 1 12 spots appearing on a gel of the gonococcal strain OR9 which we found to be the most easily recognizable either owing to their larger size or because they appeared to us to belong to obvious constellations of spots. The 48 spots listed are shown in Fig. 3 . Tables were made of the occurrence of these spots in the bacteria compared (see Table 2 ). Later, some comparisons were made using 112 spots selected from a similar gel of OR9.
RESULTS
Electrophoretograms were made from preparations of all the bacteria listed in Table 1 (Figs 1 a and b) , as were those of all other bacteria apart from the Neisseria fisted in Table 1 . The gel spot patterns for all the gonococcal strains were almost identical to that shown in Fig. 1 (a) . All these spot patterns were obtained consistently, with only slight variations owing to streaking or pattern distortion. Some of the bacteria listed in Table 1 were quantitatively compared with strains of N . gonorrhoeae. An example of a group of three gels used for a comparison is shown in Fig. 1 (a, b and c) ; in this case N. gonorrhoeae strain OR9 is shown with N . meningitidis strain NCTC 10792. Fig. 3 is an annotated diagram, used to obtain quantitative results, based on the photograph in Fig. 1 (a) , and shows the 48 spots which were compared. The occurrence of each of these 48 chosen and listed spots in various strains of N . gonorrhoeae, N. meningitidis and B. catarrhalis is shown in Table 2 . These data are the basis for assessing the similarities or differences between the strains. The spots listed were all present in N . gonorrhoeae strain OR9, as shown in the first column. Comparisons were made using either strain OR9 or strain MJT25 as the standard against which others were compared; there was little difference between them (see Table 2 , columns 1 and 3). The data for each comparison are contained in three columns: (a) the spot occurrence in the gonococcus used as the standard, i.e. either strain OR9 or strain MJT25 (Table  2 , columns 1 or 3); (b) the spot occurrence in a mixture of the standard and the 'unknown' strain being compared; (c) the spot occurrence in the 'unknown' strain alone. For conciseness, the spot occurrence lists for strains OR9 and MJT25 are given once only, and hence each comparison appears as a pair of columns of spot occurrences, one of the mixture and one of the 'unknown'.
The presence of a spot on an electrophoretogram is indicated by ' +' and an absence by '0': 'ND' is used when the pattern was unclear owing to streaking or other distortions. If the gel of the coelectrophoresis is marked 'ND', then the 'unknown' sample must also be 'ND', except in rare circumstances when the relevant area of the 'unknown' gel is clear of spots and can be marked as '0'. The data in Table 2 are summarized in numerical form in Tables 3 and 4 , together with data not shown in Table 2 from 12 other comparisons of two of the meningococci with strains of gonococcus. In Table 3 the data from each comparison are given as a group of four numbers (columns marked a, b, c and d), showing (a) positive similarities (both samples marked + in Table 2 ), (b) negative similarities (both samples marked 0 in Table 2 ), (c) differences (one sample + , the other 0), and (d) spot presence or absence not determined in either or both of the samples (marked ND in Table 2 ). Positive similarities (a) were expressed as a percentage of the valid comparisons (a + c), with ND results (d) omitted from the calculation. Negative similarities, only obtained by comparisons with strains other than OR9, have also been omitted from the calculations of percentages : the percentage similarities thus calculated from the data in Table 3 are shown in Table 4 .
The great similarity of all the gonococcal strains studied is immediately apparent from the data in Tables 3 and 4 . In comparisons of each strain with MJT25, the greatest number of posi- (275) (275) (275) (275) (275) (275) (275) (275) (275) (110) (110) (110) (110) (154) (110) (413) (275) 1.5a + + Table 4 ), while the number of differences was 0 to 3 ( Table 3) . Three strains of meningococci, representing different serogroups, were compared with up to seven strains of gonococci (Tables  2 and 3 ). The numbers of positive resemblances varied from 14 to 21, which comprised 36 to 57% of the spot comparisons made, a much lower proportion than that obtained for comparisons between strains of gonococci. Of the positive resemblances between strains of meningococci and gonococcal strain OR9, which varied between 15 and 18, only 8 were shown to be common to all three strains of the meningococcus (Table 2 ). This implies much greater differences between these strains of meningococcus than those found between the gonococci, an impression that was also gained by visual inspection of the electrophoretograms. However, for a quantitative measurement of this variation, it would be necessary to compare the strains by coelectrophoresis after producing a meningococcal spot list. In contrast, B. catarrhalis was much less similar to gonococcal strain OR9 than are the meningococci, having only four coincident spots and 39 differences, i.e. 9% positive similarities.
In all the comparisons the number of 'not determined' spots was relatively low, being in the range of 2-1 0 spots per comparison, except in one case of 15 undefined spots. Determination of the 'sign' of the spots in column d of Table 3 would not significantly alter the relative differences between the three species of bacteria. However, a further series of comparisons was made, using 112 spots selected from a gel of gonococcus strain OR9 and which included 46 of the original list of 48 spots (two spots, 1.5a and 1.6, were excluded as they were difficult to recognize in some gels). The results are summarized in Table 4 . The inclusion of fainter and less readily identifiable spots in the 112-spot analysis made some of the comparisons less certain, even so, the number of spots giving clear results was between 84 and 105. The percentages of positive similarities found using this larger number differed by only small amounts from the percentages found with the 48-spot list (Table 4 ). The largest difference was in the comparison of gonococcal strains OR9 and MJT25, which varied between 96% and 86% of positive similarities.
In spite of the great similarity of the gonococcal strains in terms of the 48 spots of strain OR9 originally selected, discrimination between strains can be obtained by further selection from the electrophoretogram of spots present in individual gonococcal isolates (Fig. 3) . Some of these spots are absent from strain OR9 and are indicated in Fig. 3 by '0' and lettered a to j ; the strain in which each occurs is shown in the legend. Two spots, lettered k and 1, occurred only in strain OR9. Other strain-specific spots were observed but in order to avoid increasing the complexity of the diagram, only a representative sample is shown.
DISCUSSION
Our results showed very close resemblances, from 86 to loo%, between the different strains of N . gonorrhoeae which had been chosen as having some known differences in properties. Much lower resemblances, between 36 and 57%, were found between the gonococci and the three representatives of N . meningitidis (serotypes B, C and Z), while N . gonorrhoeae strain OR9
showed only 33 and 19% similarity to N.JEauescens and 'N. pharyngis', respectively, and 9 to 12% similarity to B . catarrhalis. These figures are in general agreement with the current classification of the Neisseriaceae (Catlin, 1970; Reyn, 1974) , which is based very largely on DNA composition, frequency of transformation (Catlin & Cunningham, 196 1) and DNA hybridization techniques (Kingsbury, 1967; Kingsbury et al., 1969; Hoke & Vedros, 1982) .
It appears that the 2D-PAGE method gives more discrimination between closely related bacteria than that shown by DNA hybridization. For instance, Kingsbury (1967) reported that representatives of all meningococcal serogroups except Z were indistinguishable by DNA hybridization, whereas clear differences were shown in our tests between the three strains of meningococcus compared quantitatively (see Table 2 and Results). Comparisons between N . meningitidis and N . gonorrhoeae DNA gave figures of 76 to 80% homology (Kingsbury, 1967; Kingsbury et al., 1969) while the corresponding figures for our comparisons were 36 to 57%.
It seems, therefore, that the application of 2D-PAGE is of taxonomic value at several different taxonomic levels using the 48-spot comparison method described here. For identification purposes, finer discrimination between closely related strains within a species may be obtained by the deliberate selection of 'strain-specific' spots (see Fig. 3 and Results). Although at present it may be impracticable to use 2D-PAGE in producing large taxonomic matrices this might be possible using computerized image-analysis for the collection, storage and comparison of the spot pattern data (Taylor et al., 1982) . We suggest that the method has potential for development as a standard reference system for bacterial identification.
It should be emphasized that there is an inherent irreproducibility in the 2D-PAGE system, so that electrophoretograms generated from identical samples under identical conditions are rarely superimposable except over small areas of the gels. However, the spot patterns are readily recognizable even when slightly distorted and thus, by including in each comparison of two samples a third gel of a mixture of both, it is possible to be certain of the differences and similarities. The 48 spots chosen as being the most easily recognizable from approximately 200 that were visible in gels of gonococcal strain OR9 (Fig. 1 a ) were those that were most prominent and/or part of an obvious constellation of spots. Increasing that number to 112, including 46 of the original 48, gave similar results for the percentage similarities ( Table 4 ), indicating that the selection of 48 spots, which was random except in terms of their recognizability, is a sound basis for comparison. The remaining spots on the gels of the gonococci were mostly very faint or in areas of high pattern complexity and would have been difficult to analyse. However, it has been stated that 40 to 60 characteristics should be sufficient to define individual bacteria (Sneath & Sokal, 1962; Jones & Sackin, 1980) . Since this method precisely characterizes such a number of the ultimate components of a bacterial phenotype by locating each position in the overall pattern, and since the selection is independent of any known biological function which might bias any measurement of similarities, we suggest that it could be useful for bacterial classification and identification. 
